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We report a systematic study of the hyperfine interaction between the electron spin of a single 
nitrogen- vacancy (NV) defect in diamond and nearby ^^C nuclear spins, by using pulsed electron 
spin resonance spectroscopy. We isolate a set of discrete values of the hyperfine coupling strength 
ranging from 14 MHz to 400 kHz and corresponding to ^^C nuclear spins placed at different lattice 
sites of the diamond matrix. For each lattice site, the hyperfine interaction is further investigated 
through nuclear spin polarization measurements and by studying the magnetic field dependence of 
the hyperfine splitting. This work provides informations that are relevant for the development of 
nuclear-spin based quantum register in diamond. 
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I. INTRODUCTION 



Owing to its outstanding optical and electron spin 
properties, the negatively charged nitrogen-vacancy 
(NV) color center in diamond has recently emerged as a 
promising candidate for a broad range of applications in- 
cluding quantum information processing (QIP) pho- 
tonic devices ,1^1^21 hybrid quantum systems ,'^1^^^' nanos cale 
magnetometry,'i2HlIl and imaging in life science.'^^'i^l Por 
QIP applications, coherent interactions of the NV defect 
with nearby nuclear spins of the diamond lattice provide 
a fertile resource for the realization of universal quantum 
gates,- quantum register^^HH and multipartite entangled 
states.^' For such experiments, individual nuclear spins 
are read out optically by coherently mapping their states 
onto the NV defect electron spin, which can be efficiently 
polarized and read o ut wit h a long coherence time, even 
at room temperature.l^^E^ 

Two nuclear spin species commonly interact with the 
NV defect, namely the intrinsic nitrogen atom of the de- 
fect and ^'^C atoms placed randomly in the diamond lat- 
tice. The hyperfine interaction between the NV defect 
electron spin and its nitrogen atom has been extensively 
characterized over the last years, both for native NV de- 
fects associated with ^*N atoms and for implanted NV 
defects with ^^N isotopes.l^ Since, the nitrogen nuclear 
spin occurs deterministically, it could be used as a ro- 
bust memory qubit for scalable architectures of diamond- 
based quantum information protocols."^ In addition, be- 
cause the nitrogen nuclear spin shares its symmetry axis 
with the NV defect, single-shot read out measurements 
can be achieved at room temperature.'^ In contrast, ^'^C 
nuclear spins occur randomly in the diamond lattice and 
can be used as a platform for studying the coherent dy- 
namics of multi-spin systems as well as for increasing the 
number of qubits in diamond-based quantum registers. 

In this article, we report a systematic study of the 
hyperfine interaction between single NV defects and in- 



dividual ^■^C nuclear spins. Using pulsed-ESR spec- 
troscopy, we analyze the possible hyperfine coupling 
strengths induced by ^"^C placed at different lattice 
sites of the diamond matrix. Excluding the well-known 
130 MHz splitting linked to ^'^C plac ed in the nearest 
neighbour lattice sites of the vacancy,'22122l we focus on 
lattice sites corresponding to hyperfine splittings ranging 
from 14 MHz to 400 kHz. For each lattice site, prop- 
erties of the ^'^C hyperfine tensor are inferred by using 
nuclear spin polarization measurements and by studying 
the magnetic field dependence of the hyperfine splitting. 
This work, which completes a recent work by Smeltzer 
et al.^ is relevant for the realization of multipartite en- 
tangled state among multi-nuclear spin systems as well as 
for extending single shot read-out measurements recently 
observed on the ^''N nuclear spin.l^ 

II. SINGLE NV DEFECTS COUPLED WITH 
NEARBY NUCLEAR SPINS THROUGH 
HYPERFINE INTERACTION 

A. Experimental arrangement 

The negatively charged NV defect in diamond con- 
sists of a substitutional nitrogen atom (N) associated 
with a vacancy (V) in an adjacent lattice site of the di- 
amond matrix. Its ground state is a spin triplet S = 1 
with an intrinsic spin quantization axis provided by the 
NV defect symmetry axis (z) and a zero-field splitting 
Dgs = 2.87 GHz b etwee n TOs = and = ±1 spin 
sublevels [Fig. [l|a)] j^^l^^l The excited state is also a spin 
triplet, associated with a broadband and perfectly pho- 
tostable red photoluminescence (PL), which enables op- 
tical detection of single NV defects using confocal mi- 
croscopy.^^ Besides, the excited state is an orbit al dou- 
blet which is averaged at room temperature,'232ll leading 
to a zero-field splitting Dgs = 1-42 GHz with the same 
quantization axis and similar gyromagnetic ratio as in 
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FIG. 1: (Color online) (a)- Energy-level diagram of the NV 
defect as a function of the amplitude of a static magnetic field 
B applied along the NV defect axis. (b)-Hyperfine structure 
of the rus = and ms = — 1 ground-state manifolds for a 
NV defect coupled to its ^*N (nuclear spin projection mj(N)) 
and a single ^^C (nuclear spin projection mj{c)). The energy 
level scheme is given for a positive ^'^C hyperfine splitting, 
i.e. Azz > 0, and considering that off-diagonal components 
of the '^^C hyperfine tensor are negligible. ESR spectra ex- 
hibit six nuclear-spin conserving transitions (red arrows). All 
notations are defined in the main text, (c) to (e)- ESR spec- 
tra recorded for a single NV defect coupled to its ^^N and 
(c) zero, (d) one, and (e) two nearby ^^C. The blue values 
indicate the corresponding hyperfine splittings and solid lines 
are data fit with Gaussian functions. For this experiments, 
a magnetic field _B ~ 20 G is applied along the NV defect 
axis in order to lift the degeneracy of the rUs = ±1 electron 
spin sublevels. For a magnetic field amplitude B « 510 G, 
a level anti-crossing (LAC) in the excited-state (highlighted 
in (a)) induces nuclear-spin polarization such that only two 
nuclear-spin conserving transitions are observed, as indicated 
with bold arrows in (b) [see Fig. [s] . 



provide a liigh degree of spin polarization in the rUs = 
sublevel through optical pumping. In addition, the PL 
intensity is significantly higher when the — state is 
populated, allowing the detection of electron spin reso- 
nances (ESR) on a single NV defect by optical means.'^Sl 

We investigate native NV defects in an ultra-pure syn- 
thetic type Ila diamond crystal grown using a microwave- 
assisted chemical vapor deposition (CVD) process (Ele- 
ment 6). In such a sample with a natural abundance of 
^^C isotope (1.1%), the typical coherence time of the 
NV defect electron spin is on the order of a few fis, corre- 
sponding to an inhomogeneous dephasing rate 72 on the 
order of a few hundreds of kHz l^^l^^ -^ 

Individual NV defects are optically addressed at room 
temperature using a confocal microscope combined with 
a photon-counting detection system. A permanent mag- 
net is used to apply a static magnetic field along the 
NV defect axis while ESR transitions are driven with a 
microwave field applied through a copper microwire di- 
rectly spanned on the diamond surface. High resolution 
ESR spectroscopy of single NV defects coupled by hyper- 
fine interaction with nearby ^'^C nuclear spins is achieved 
through repetitive excitation of the NV defect with a res- 
onant microwave 7r-pulse followed by a 300-ns read-out 
laser pulse.l^ ESR spectra are recorded by continuously 
repeating this sequence while sweeping the 7r-pulse fre- 
quency and recording the PL intensity. Owing to spin- 
dependent PL of the NV defect, ESR is evidenced as a 
drop of the PL signal [Fig.jljc)]. For all the experiments, 
the microwave power is adjusted in order to set the tt- 
pulse duration between 2 and 3 /xs, as verified by record- 
ing electron spin Rabi oscillations. The 7r-pulse duration 
is thus on the order of the NV defect electron-spin coher- 
ence time. In this situation, the ESR profile is Gaussian 
and its linewidth is given by the inhomogeneous dephas- 
ing rate 72 of the NV defect electron spin, since power 
broadening is fully cancelled in the measurement.'^ 



B. Spin Hamiltonian 

We consider single NV defects associated with native 
^'^N isotopes (99.6% abundance), corresponding to a nu- 
clear spin /(^) = 1. For a magnetic field B applied along 
the NV defect axis, the ground-state spin Hamiltonian in 
frequency unit reads as 



"Ho — DgsS. 



the ground state (gg « 2) j ^^ l ^o i Radiative transition selec- 
tion rules associated with the spin state quantum number 



(1) 

where Qn — —5.01 MHz is the ^"^N quadrupole split- 
ting,l2fi its hyperfine tensor and 7e (resp. 7!^^^) is the 
electron spin (resp. ^^N nuclear spin) gyromagnetic ra- 
tio. The ^^N hyperfine tensor has been extensively char- 
acterized over the last years and leads to a splitting of 
= —2.16 MHz between ESR frequencies associated 
with different ^''N nuclear spin projectionJ^l. For sin- 
gle NV defects without any strongly coupled ^"^C nuclear 
spins, the ESR spectrum thus always exhibit three hy- 
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perfine lines [Fig.[T|b) and (c)]. 

When a neighbouring lattice site of the NV defect is 
occupied by a ^'^C isotope, corresponding to a nuclear 
spin /(C) = 1/2, the spin Hamiltonian becomes 



(2) 



where 7^ is the gyromagnetic ratio of the ^^C nuclear 
spin and Ac its hyperfine tensor defined by 
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(3) 



In the secular approximation, i.e. neglecting and Sy 
terms, this Hamiltonian simplifies as : 



?(C) 
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For clarity purpose, we restrict the study to the 
nis = and = —1 electronic spin manifolds with 
a fixed ^''N nuclear spin projection, e.g. m/(N) = 
+1. All the results are identical while considering the 
two other ^^N nuclear spin projections. In the basis 
{|m«,m,(c))} = {|0,i);|0,-i);|-l,i);|-l,-i)} and 
considering Azz > 0, the Hamiltonian described by equa- 
tion Q can be written as 
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We note that the ^"^N nuclear Zeeman splitting and the 
quadrupole splitting are ignored in Eq. ^ since they 
only introduce a global shift of the energy levels. In this 
framework, the eigenenergies of the NV defect electron 
spin coupled by hyperfine interaction with a single ^'^C 
nuclear spin are given by 
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and the associated eigenstates can be written as 
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Allowed (Ti3,T24) and forbidden (ri4,r23) electron 
spin transition frequencies are therefore given by 

InB 



13 



T-2A — S 



Ti4 = S 



723 — 



1 

2 
1 

2 
1 

2 
1 

^-2 





h {Azz 


- InBY 


-^nd ^ 


h {Azz 


- InB f 


■^nd ^ 


h {Azz 


- InB f 


-^nd ^ 


h {Azz 


- InB? 



2 

InB 

2 

InB 

2 

InB 



(12) 
(13) 
(14) 
(15) 



where the numbering is determined by the corresponding 
energy levels, Tik = Vk - t^i- 

If \Azz — lnB\ and have the same order of magni- 
tude, four electron spin transitions can thus be observed 
for each ^^N nuclear spin projection, with a relative in- 
tensity between forbidden and allowed transitions given 
by tan^d). When Azz = InB, i.e. when 9 = 7r/2, the 
amplitudes of allowed and forbidden electron spin transi- 
tions are identical. This particular case is experimentally 
observed and analysed in Section IIIB [Fig.|3]and Fig.|4]. 

In the limit where \Azz — lnB\ 3> And-, *-e. when the 
angle 9 approaches zero, then 
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In this situation, the ^^C nuclear spin projection along 
the NV defect axis is identical in the — and 
vris = — 1 electronic spin manifolds and only two nuclear- 
spin conserving transitions can be observed (T13 and 
^24). By considering all the ^''N nuclear spin projections, 
the ESR spectrum thus exhibits six nuclear-spin conserv- 
ing transitions as schematically depicted in Figure [ijb). 
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FIG. 2: Distribution of ^^C hyperfine splittings observed for 
a set of roughly 400 single NV defe cts at low magnetic field 
{B « 20 G). The well-documentecpnUIl 130 MHz splitting 
linked to a ^'^C placed in the nearest neighbour lattice sites of 
the vacancy is not represented. The capital letters denote the 
lattice sites corresponding to a given hyperfine splitting. The 
dash red lines represent the mean value of each ^^C family (A 
to O) and error bars represent estimated errors in ESR spectra 
fit with a 95 % confidence interval. For a given ^^C family, 
the small dispersion of the hyperfine splittings is attributed 
to local paramagnetic defects, which could shift the nuclear 
spin levels. The mean of the hyperfine splitting associated with 
each ^'^C family are summarized in table [l] 



III. EXPERIMENTAL OBSERVATIONS 



the hyperfine splitting between the ""^^C manifolds was ex- 
tracted from a fit with Gaussian functions, constrained 
to have the same linewidth and amplitude, and with a 
fixed sphtting between ^''^N hyperfine lines (.4^^*' = —2.16 
MHz). 

As shown in Figure [2] the "'^'^C hyperfine splittings are 
distributed over a set of discrete values corresponding to 
different lattice sites of the diamond matrix. Following 
the notations introduced in Ref.l^, hyperfine sphttings 
such that Aq' > 2 MHz are labelled from A to H, corre- 
sponding t o pos sible lattice sites inferred from ab initio 
calculationJ^^mi Smaller hyperfine splitting are arbitrar- 
ily denoted from I to O, but no correspondence with a 
specific lattice site of the diamond matrix is currently 
available, since the accuracy of ab initio calculation is 
hardly better than a few hundred of kHz. We note that 
^^C families are sorted according to the strength of the 
hyperfine coupling and by their polarization response at 
the excited-state level anti-crossing (LAC), as analysed 
in details in Section llH CI 

For a few single NV defects, the inhomogeneous de- 
phasing rate 72 was small enough to detect hyperfine 
splittings below 300 kHz, labelled W in Figure [2| Within 
our statistic, it is not possible to clearly identify common 
lattice sites for such weak couplings. However, the possi- 
ble discrete values of the hyperfine splittings should reach 
a quasi-continuum when the ^^C is placed far away from 
the NV defect because many different lattice sites might 
exhibit similar hyperfine coupling strengths. A more sys- 
tematic study of weaker ^^C hyperfine splittings could 
be pursued by using a CVD-grown diamond isotopically 
enriched with ^^C atoms, in which the inhomogeneous 
dephasing rate of the NV defect electron spin can reach 



A. Low magnetic field hyperfine splittings 

We first study the possible values of hyperfine split- 
tings induced by nearby ^'^C nuclear spins for a low mag- 
netic field magnitude {B « 20 G) applied along the NV 
defect axis. In this condition, the nuclear Zeeman term 
can be neglected {T13 = T23, T24 = Tu) and the "C 
hyperfine interaction leads to a splitting 

^^^(@20 G) = T24 - Ti3 = ±^Al^ + Al, 

between ESR frequencies associated with different ^"^C 
nuclear spin projections, with a sign given by the one of 
the Azz component [Fig. [T|b)]. 

A systematic study of the ^■^C hyperfine coupling 
strength was realized by performing pulsed-ESR spec- 
troscopy on a set of roughly 400 single NV defects. Even 
though most of ESR spectra only show the three hyper- 
fine lines linked to the ^^N nuclear spin [Fig. [ijc)], the 
subset 25%) of NV defects strongly coupled to one 
(resp. two) ^^C nuclear spin exhibit six (resp. twelve) 
resonance lines [Fig.[ljd)-(e)]. From each ESR spectrum. 



TABLE I: Summary of hyperfine splittings Aq" measured at 
-B = 20 G and at _B = 510 G. The last column indicates for 
each '^^C family the polarization efficiency V measured at the 
excited-state LAC using pulsed-ESR spectrocopy, i. e. with an 
optical pumping duration of 300 ns. Numbers between paren- 
thesis indicate the standard deviation on the last digit for a 
number of NV centers that is given between square brackets. 
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A 


13.78 (9) [4] 


13.69 (5) [3] 


52 (20) [3] 


B 


12.8 (1) [4] 


12.73 (1) [3] 


53 (13) [3] 
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-9.0 (1) [6] 
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FIG. 3: (a)-Typical ESR spectrum recorded at low magnetic 
field {B = 20 G) for a single NV defect coupled with a single 
C nuclear spin belonging to family I {Ac = 1-12 MHz). 
(b)-Zoom on the hyperfine transitions associated with a '^^N 
nuclear spin projection nij^fi) = +1. Forbidden electron spin 
transitions (723, T14) appear in the ESR spectrum when the 
magnetic field magnitude is increased. (c)-Energy level struc- 
ture of the TTis = and = — 1 ground-state manifolds for a 
'^^N nuclear spin projection mj^(N) = 1. Solid (resp. dashed) 
arrows indicate allowed (resp. forbidden) electron spin tran- 
sitions. All notations are defined in the main text. 
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FIG. 4: (a)-Frequencies of forbidden (T23,ri4) and allowed 
(ri3,T24) electron spin transitions as a function of the mag- 
netic field magnitude. Solid lines are data fits using Eqs. (12) 
to (15) with Azz and And as fitting parameters. (b)-r23 — Tis 
as a function of the magnetic field magnitude. The black 
dashed line is data fit with a linear function, from which the 
'^^C nuclear spin gyromagnetic ratio 7„ = 1.07 (1) kHz.G"'^ 
is extracted. (c)-Relative intensity TZ between forbidden 
and allowed electron spin transitions as a function of the 
magnetic field. The dashed line is the theoretical expec- 
tation TZ = tan^(|), where 6 is defined by Eq. with 
Azz = 1.02 MHz and ^„d = 0.51 MHz. The slight devia- 
tion of experimental data points is attributed to an imperfect 
microwave 7r-pulse in the pulsed-ESR spectroscopy scheme. 



a few tens of The drawback would obviously be 

a lower rate of detection of ^'^C nuclear spin per single 
NV defect. 

The mean of the hyperfine splitting associated with 
each ^■^C family is summed up in table |l] We note that 
for families A to G, the results are in good agreement 
with recent single site measurements.'^ 



B. Effect of off-diagonal components of the 
hyperfine tensor 

With the aim of observing the effects of anisotropic 
components of the hyperfine tensor, the ^'^C coupling 
strengths were first measured while applying a magnetic 
field near B = 510 G along the NV defect axis. In this sit- 
uation, the hyperfine splitting between allowed electron 
spin transitions (Tia and T2i) is given by 

^^^(@510 G) = ^^2^ + (A.-7«S)2+7nB . 



As summarized in table|lj most ^^C hyperfine splittings 
are identical within the error bars at low and high mag- 
netic fields. However, for some ^^^C lattice sites, e.g. for 
families E and I, their relative differences becomes signifi- 
cant, which is an indication that anisotropic components 
of the hyperfine tensor lead to a different nuclear spin 
projection along the NV defect axis in the — and 
nis = — 1 electronic spin manifolds. 

In the limit where the components \Azz — "fnB\ and 
And reach the same order of magnitude, forbidden elec- 
tron spin transitions (T14 and T23) can even be identi- 
fied in the ESR spectrum. This situation is observed for 
single NV defects coupled with ^■^C belonging to fam- 
ily I, as depicted in Figure |3] At low magnetic field, 
since T13 — T23 and T24 — T14, only two ^'^C hyper- 
fine transitions can be observed for each ^'^N nuclear spin 
projection [Fig. |3ja)]. When the magnetic field magni- 
tude increases, forbidden transitions appears in the ESR 
spectrum [Fig. |3jb)-(c)]. The frequencies of forbidden 
and allowed electron spin transitions were measured as 
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a function of the magnetic field magnitude [Fig. |4j^a)]. 
Data fitting with Eqs. (12) to (15) allows to extract 
A,, = 1.02 (2) MHz and Aid = 0.51 (2) MHz. In ad- 
dition, plotting T23 — T13 as a function of the magnetic 
field allows measurement of the ^^C nuclear spin gyro- 
magnetic ratio 7„ = 1.07 (1) kHz.G^^ [Fig. |4];b)], which 
is in perfect agreement with the value inferred from nu- 
clear magnetic resonance measurements. 1^ 

The relative intensity TZ between forbidden and al- 
lowed electron spin transitions was estimated by mea- 
suring the ratio between the integral of the ESR line at 
frequency T23 and T13 [Fig. ^c)]. As expected TZ ~ 1 
when Azz — InB, i.e. when B « 950 G. In this sit- 
uation, 9 — 7r/2 and the ^^C nuclear quantization axis 
is perpendicular to the NV defect axis in the = — 1 
electron spin manifold. 

We note that this system provides an efficient A- 
scheme that could be used for coherent population trap- 
ping of a single nuclear spin and electromagnetically in- 
duced transparency experiments in the microwave do- 
main.lSfil 



Polarization efficiency through optical pumping 
at the excited-state LAC 



Hyperfine interactions with nearby ^'^C were further 
investigated by measuring their polarization efficiency at 
the excited-state LAC, while applying a static magnetic 
field near 510 G along the NV axis [Fig. [ija)]. In this 
configuration, electron-nuclear-spin flip-flops mediated 
by hyperfine interaction in the excited-state can lead 
to an efficient polarization of nearby nuclear spins in 
their highest spin projection along the ex cited-state 
electron spin quantization axis (^) |32|37 | 3 8] provided 
that the nuclear spin projection along the z axis is 
identical in the ground state and in the excited state, 
nuclear-spin polarization is transferred to the ground 
state by non-radiative inter-system crossing through 
metastable singlet states responsible for electron spin 
polarization.t^S The efficiency of such a process is linked 
to several parameters. First, the polarization V is 
reduced if the nuclear spin quantization axis differs 
in the ground and in the excited state, as expected 
for a hyperfine tensor with different principal axis in 
the ground and in the excited states.l^ For a nuclear 
spin that possesses an identical quantization axis, the 
polarization efficiency is also decreased if this axis is not 
the same as the electron spin quantization axis, i.e. if 
anisotropic components of the hyperfine tensor play a 
significant role in the nuclear-spin dynamics, as observed 
in the previous section for ^'^C of family I. 

Since the nuclear spin quantization axis is parallel 
to the NV defect axis, perfect polarization is achieved in 
the TO/(N) = 1 su blevel th rough optical pumping at the 
excited-state LAC .1^2133111 The ESR spectrum of a single 
NV defect coupled with a single ^^C nuclear spin thus 
only exhibits two hyperfine lines at the excited-state 
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FIG. 5: (a) to (d)-Typical pulsed-ESR spectra recorded at 
low magnetic field [B ~ 20 G) and at the excited-state LAC 
{B ~ 510 G) for single NV defects coupled by hyperfine inter- 
action with a single ^'^C belonging to family (a) D, (b) H, (c) 
J, and (d) K. The nuclear spin is perfectly polarized while 
the polarization efficiency of nearby ^^C strongly depends on 
the lattice site. (e)-Polarization efficiency of a set of single NV 
defect coupled with different families of ^^C. We note that this 
results are obtained by using pulsed-ESR spectroscopy, i.e. 
with an optical pumping duration of 300 ns. Positive polar- 
ization (resp. negative) indicates a positive (resp. negative) 
hyperfine splitting. Within each ^^C family, the variation of 
polarization efficiency is attributed to misalignment of the 
magnetic field along the NV defect axis. The meanpolariza- 
tion efficiency for each ^"^C family in given in Table ^ (f)-Free 
induction decay recorded for the same NV defect as in (d) at 
the excited-state LAC and for an optical pumping duration 
of 3 pis. A single line is observed in the Fourier transform, 
which is the signature of nearly perfect polarization of the 
^^C nuclear spin. 



LAC, associated with the two different ^'^C nuclear 
spin projections [Fig. [l|^b) and Fig. [5]ja) to (d)]. For 
each family of ^'^C , the polarization efficiency V was 
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measured as the difference between the integral of each 
^■^C hyperfine hnes divided by their sum. We note 
that the amphtude of ESR dips is also affected by 
the difference in electron spin readout contrast for the 
two ^'^C nuclear spin orientations when spin flip-flop 
processes occur in the excited-stateP^l 

Since all possible ^'^C lattice sites have different hy- 
perfine interactions with the NV electron spin, each ^'^C 
family exhibits different polarization behavior [Fig. [sj^a) 
to (e)]. For hyperfine splittings larger than 2 MHz 
(families A to H), only partial nuclear spin polarization 
is achieved, which qualitatively demonstrates that 
the nuclear spin quantization axis might differ in the 
ground and in th e exc ited state, as predicted by ab 
initio calculations.l^SlMl addition, the nuclear spin 
quantization axis is not the same as the electron spin 
axis because none of these ^'^C families correspond 
to a lattice site along the NV defect axis.'^ Beyond 
documenting qualitatively the relative orientation of 
the ^'^C , nuclear-spin polarization measurements also 
indicate the sign of the hyperfine coupling. Indeed, 
nuclear-spin polarization into the lowest (resp. highest) 
^■^C hyperfine frequency indicates that the hyperfine 
splitting is positive (resp. negative), which corresponds 
to a lattice site where the NV defect electron spin 
density is positive (resp. negative) [Fig. [5ja) and (b)]. 

For ^'^C with a hyperfine splitting smaller than 2 
MHz [Fig. [5jc) and (e)], almost no polarization is 
observed, except for family K for which a high level 
of polarization (sa 60%) is evidenced in pulsed-ESR 
spectra [Fig. [5jd)]. However, for such a weak hyperfine 
interaction (0.95 MHz), the polarization efficiency can 
be limited by the optical pumping duration, since the 
probability of electron-nuclear-spin flip-flop per optical 
cycle is given by the strength of the excited-state 
hyperfine interaction. In the pulsed-ESR spectroscopy 
scheme, the optical pumping duration is set at 300 ns 
in order to optimize the ESR contrast,!^ which could be 
too short to reach the steady state of nuclear spin pop- 
ulations. In order to check if nuclear-spin polarization 
can be improved while increasing the optical pumping 
duration, the polarization efficiency was estimated by 
using the Fourier transform of free-induction decay 
(FID) measurements. For that purpose, Ramsey fringes 
were recorded by using the standard sequence consisting 
of a 3-/XS laser pulse, used both for optical pumping 
and spin-state readout, followed by two microwave tt/2- 
pulses separated by a variable free evolution duration r. 



A typical FID signal recorded at the excited-state LAC 
for a single NV defect coupled with a "'^'^C belonging to 
family K is shown in Figure [sj^f). The Fourier transform 
of the FID shows a single line, which is the signature 
that the ^"^C nuclear spin is fully polarized. This result 
might indicate that (i) the hyperfine tensor has an 
identical principal axis in the ground state and in the 
excited state, and (ii) that the nuclear-spin quantization 
axis is parallel to the electron spin. Family K could thus 
correspond to a ^"^C placed on a lattice site along the 
NV defect axis, which shares the symmetry of the NV 
defect. Such ^-^C could be an interesting candidate for 
extending single shot read-out measurements recently 
observed on the ^'*N nuclear spin at room temperature.'^ll 



IV. CONCLUSION 

Using pulsed-ESR spectroscopy, we have reported a 
systematic study of the hyperfine interaction between 
the electron spin of a single NV defect in diamond and 
nearby ^^C nuclear spins. We have isolated a set of dis- 
crete values of the hyperfine coupling strength ranging 
from 14 MHz to 400 kHz and corresponding to ^■^C nu- 
clear spins placed at different lattice sites of the diamond 
matrix. Nuclear-spin polarization measurements suggest 
that one of the reported hyperfine splittings corresponds 
to a -'^•^C placed on a lattice site along the NV defect 
axis. This work provides important information for the 
development of nuclear-spin based quantum registers in 
diamond. In addition, the set of ^'^C hyperfine splittings 
combined with their polarization behaviors, can be used 
for checking ab initio calculations of the NV defect spin 
density.'22ina 
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